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Summary
The phosphate group of the ADP-insensitive phosphoenzyme (E2-P) of sarcoplasmic reticulum Ca 2+ -ATPase (SERCA1a) was studied with infrared spectroscopy in order to understand E2-Ṕ s high hydrolysis rate. By monitoring an auto-catalyzed isotope exchange reaction, 3 stretching vibrations of the transiently bound phosphate group were selectively observed against a background of 50 000 protein vibrations. They were found at 1194, 1137, and 1115 cm -1 . This information was evaluated using the bond valence model and empirical correlations.
Compared to the model compound acetyl phosphate, structure and charge distribution of the E2-P aspartyl phosphate resemble somewhat the transition state in a dissociative phosphate transfer reaction: the aspartyl phosphate of E2-P has 0.02 Å shorter terminal P-O bonds and a 0.09 Å longer bridging P-O bond which is ~20% weaker, the angle between the terminal P-O bonds is wider and -0.2 formal charges are shifted from the phosphate group to the aspartyl moiety.
The weaker bridging P-O bond of E2-P accounts for a 10 11 -to 10 15 -fold hydrolysis rate enhancement implying that P-O bond destabilization facilitates phosphoenzyme hydrolysis. P-O bond destabilization is caused by a shift of non-covalent interactions from the phosphate oxygens to the aspartyl oxygens. We suggest that the relative positioning of Mg
Introduction
Phosphorylation is one of the fundamental regulatory mechanisms in biology (1) . It also governs the catalytic mechanism of the sarcoplasmic reticulum (SR) Ca 2+ -ATPase (SERCA1) (2) where it controls the ordered sequence of catalytic steps in order to ensure the efficiency of the overall catalytic reaction. Here we study one of the ATPase phosphoenzyme intermediates by monitoring an enzyme-catalysed isotopic exchange reaction at the phosphate group with infrared spectroscopy. The result is an infrared spectrum at "atomic resolution" in a crowded spectral region. It observes selectively the transiently bound phosphate group -a group that cannot be studied by site-directed mutagenesis. Our approach can be extended to other phosphoproteins and reveals here the molecular cause of an important property of the phosphoenzyme studied.
The Ca to form at least two consecutive phosphoenzymes Ca2E1-P and E2-P. The Ca 2+ transport step is associated with the conversion from Ca2E1-P to E2-P. These phosphoenzymes have different catalytic properties: while the first phosphoenzyme intermediate Ca2E1-P dephosphorylates with ADP to reform ATP, the second phosphoenzyme E2-P reacts with water. This switch of catalytic specificity ensures the efficiency of the pump process, since the specificity of Ca2E1-P is such that the energy provided by ATP is not wasted before Ca 2+ is transported. After Ca 2+ transport, E2-P hydrolyses remarkably faster than the model compound acetyl phosphate in water. The time constant for E2-P hydrolysis is between 10 and 100 ms near 25°C depending on the pH (9) (10) (11) (12) , whereas that of acetyl phosphate is Obviously, the environment of the phosphate group is important in controlling the dephosphorylation properties. It has been found to become more hydrophobic in the transition from Ca2E1-P to E2-P (14, 15) and this seems to account for an increased hydrolysis rate of E2-P as compared to Ca2E1-P (16) , reviewed in ref. (17) . The molecular mechanism of dephosphorylation has however not been elucidated.
We were interested in how the environment of the phosphate group controls its catalytic properties and used infrared spectroscopy to study the phosphate group of E2-P in detail.
Infrared spectroscopy has proved valuable for the investigation of protein catalysis (18) (19) (20) (21) (22) (23) (24) since it allows to measure interaction strengths and bond lengths at a level of sensitivity that exceeds even that of x-ray crystallography and NMR (25) . Since the early days of infrared spectroscopy on proteins, the power of selective isotopic labeling has been exploited in order to observe a specific group in a large protein (26, 27) . Due to the mass effect on vibrational frequencies, infrared absorption bands of a labeled group are shifted with respect to those of the unlabeled group and can be identified in the spectrum. Specific labeling is usually necessary to identify a specific group in the spectrum, since otherwise the absorption of this group will be hidden under the overwhelming absorption of other groups. For the investigation of protein reactions, another necessity in most cases is the use of reaction-induced infrared difference spectroscopy, where the reaction of interest is started in the infrared cuvette. We release a biological compound of interest from a biologically inactive photosensitive precursor (caged compounds), for example ATP from caged ATP (28) , reviewed in ref. (29) . By calculating the difference between the infrared absorption before and after start of the reaction, only those groups are detected that participate actively -the absorption of the vast majority of passive groups cancels.
Here we combine and extend both approaches to observe selectively the phosphate group of E2 (33) (34) (35) . They were evaluated by a careful comparison or subtraction of spectra obtained with labeled and unlabeled compounds. This approach has proved to be of limited sensitivity for detecting the E2-P phosphate vibrations (36) . The approach here is to combine selective labeling of a protein with the induction of an auto-catalysed isotopic exchange (36) . Thus we obtain directly a difference spectrum between labeled and unlabeled E2-P in a single timeresolved experiment. We observe selectively 3 stretching vibrations of the phosphate group of a protein with nearly 50 000 normal modes of vibration. The vibrational frequencies identified reveal a shift of electron density from the P-O bond that connects protein and phosphate to the terminal P-O bonds. This weakens the link to the protein and accelerates hydrolysis of E2-P.
The approach used here to study one of the Ca 2+ -ATPase phosphoenzymes can be extended to other phosphoenzymes, if necessary with the help of auxiliary proteins to induce phosphorylation or dephosphorylation.
Experimental Procedures
Time-resolved FTIR measurements were performed at 10 o C and samples were prepared as described previously (37 , with s and as being the symmetric and asymmetric stretching vibrations of the terminal P-O bonds, respectively. The frequency of the asymmetric stretching vibration is weighted by a factor of 2 because this vibration is doubly degenerate. The fundamental frequency is less dependent on the geometry of the phosphate group than the asymmetric and symmetric stretching vibrations of the terminal P-O bonds themselves (38) . We slightly extend the approach by Deng et al. to phosphate groups in asymmetric environments by defining the fundamental frequency as follows:
where 1, 2, and 3 are the frequencies of the terminal P-O bonds that we have observed for the E2-P phosphoenzyme. In this equation three different frequencies appear for the three terminal P-O vibrations because the degeneracy of the asymmetric stretching vibrations is lifted by the asymmetric environment of the E2-P phosphate group. The fundamental frequency can be used to calculate the bond valence of P-O bonds using the formula (38) It should be noted that the values given in table 1 for bond lengths and bond valences should not be considered to be accurate to three digits after the decimal point. Three digits are given to avoid rounding errors when the differences between acetyl phosphate and E2-P are discussed.
Results
To observe isotope exchange at the E2-P phosphate group, E2-P was prepared by the release of ATP from caged ATP in the absence of K + and the presence of Me 2 SO and Ca 2+ ionophore which are conditions that accumulate E2-P as discussed and shown in previous work (37, 42) .
This work also established a marker band for E2-P near 1194 cm -1 that was later assigned to the phosphate group (32) . In the present work, sample conditions and temperature were finetuned so that the E2-P concentration is constant over several minutes. During that time the ATPase dephosphorylates and rephosphorylates several times leading to oxygen exchange between water and phosphate group (30) . If water and phosphate oxygen isotopes are different, an isotope exchange at the E2-P phosphate group is the consequence of oxygen exchange which can be followed by infrared spectroscopy (36 Fig. 1 shows infrared difference spectra of E2-P formation from Ca2E1 (Ca2E1  E2-P) in which the E2-P spectrum was recorded before and after isotope exchange. The bold line spectra were recorded before isotope exchange, the thin line spectra afterwards. shows only a small signal at 1194 cm -1 , which has increased in the thin line spectrum after isotope exchange. The comparison of the spectra in panel a and b demonstrate the excellent reproducibility of the infrared difference spectra.
To show the isotope exchange associated absorbance changes more clearly, bold and thin line spectra of Fig. 1 were subtracted. The spectra obtained are shown in Fig. 2 demonstrates again that the E2-P concentration is constant to a very high degree in this experiment. In addition to bands due to isotope exchange, other reactions might contribute to the spectrum. In order to distinguish these bands from isotope exchange bands, the exchange experiment was performed in the reverse direction ( In order to improve further the quality of the exchange spectrum, the two spectra in Fig. 2d were subtracted and divided by two. This cancels contributions to the spectrum which are unrelated to isotope exchange and enhances those related to isotope exchange. The resulting spectrum is shown in Fig. 2E 
E2-P).
A discussion of the individual band shifts in the spectra of The spectra for partial isotope exchange can be used to obtain mathematically a second spectrum for full exchange. By subtracting the two spectra, the contribution of [ (45) for ionic bonds but applies also to covalent bonds (39, 46) . Because it applies to both ionic and covalent bonds, bond valence integrates covalent and ionic contributions to a bond. Bond valence is a powerful concept since it relates to many observable properties (40, 47) . We will now discuss the bond parameters of the phosphate group in detail. The bond valence of the C=O bond of acetyl phosphate can be estimated to be between 1.6 and 1.7 vu from its band position in the infrared spectrum at 1718 cm -1 (31) , correlations between wavenumber and bond length (48, 49) , and correlations between bond length and bond valence (40, 41) .
Bond valences of E2-P and acetyl phosphate
Bond lengths of E2-P and acetyl phosphate - Table 1 lists bond lengths of bridging and terminal P-O bonds of E2-P and acetyl phosphate in water obtained with equation 2 (see Experimental Procedures). The terminal P-O bonds are shorter for E2-P by 1% or nearly 0.02 Å, whereas the bridging P-O bond is longer by 5% or nearly 0.09 Å. This increase indicates a weakening of the bond that bridges phosphate group and enzyme which will be quantified in the next section. Accordingly the bond energy of the bridging P-O bond of E2-P is only 80% of that of acetyl phosphate. Assuming that the latter is close to a typical P-O single bond energy of 420 kJ/mol (51), the bond energy in E2-P is reduced by 86 kJ/mol with respect to that of acetyl phosphate.
Bond energy of the bridging P-O bond of E2-P
(ii) Bond length L and bond energy E are correlated: for several oxides, the inverse relationship E ~ (L-L0) -1 has been found (52), where L0 = 1.171 Å for P-O bonds (53) . Using this relationship, the bridging P-O bond energy of E2-P is found to be 84% of that of acetyl phosphate. Assuming again a typical value of the acetyl phosphate bond of 420 kJ/mol, the bond energy in E2-P is reduced by 68 kJ/mol with respect to that of acetyl phosphate. . The dissociation energy is proportional to the vibrational frequency and therefore to the square root of the force constant, if quadratic terms are sufficient to describe the energy levels of an anharmonic oscillator, which they are for a Morse potential (56) . From this we calculate that the dissociation energy of the terminal P-O bond of E2-P is reduced to 85% of the respective acetyl phosphate bond. With the P-O single bond energy of 420 kJ/mol, the bond energy of E2-P is reduced by 64 kJ/mol. : when the Me2SO concentration is raised from 0 to 60% in the presence of 0.1 M NaOH, the activation energy decreases from 77.5 kJ/mol to 13.8 kJ/mol, which accelerates the rate more than 10
11
-fold, but the pre-exponential factor decreases by nine orders of magnitude which results in a total rate enhancement by a factor of 40 (16) .
Stabilisation of the E2-P phosphate group versus P-O bond destabilisation -There is an
apparent contradiction between the P-O bond destabilisation and less external bonding to the phosphate group observed in this work and the view that the phosphate group is stabilised on E2-P (58). The latter was concluded from the observation that the free energies of free enzyme E plus phosphate and E2-P are approximately the same, whereas that of acetyl phosphate is higher than that of acetate plus phosphate. From this, a stabilisation of E2-P of 50 kJ/mol (12.5 kcal/mol) has been calculated which was ascribed to the intrinsic binding energy of the phosphate moiety of the acyl phosphate when it binds to the active site (58) .
This view concentrates on the phosphate group and ascribes a rather passive role to protein and solvent. In the presence of protein conformational changes and solvent exclusion there may be stabilising effects which are not localised on the phosphate group (but are caused by phosphorylation). The observed stabilisation of E2-P corresponds to the formation of two typical salt bridges, formation of 2-3 hydrogen bonds or the transfer of 2 ethyl groups from water to protein (59,60) which could take place distant from the phosphate group. Thus weaker bonding to the phosphate group may be overcompensated by stronger bonding between other groups and by entropic effects. We infer one such effect: stronger bonding to the aspartyl moiety. Whether this will overcompensate the weaker bonding to the phosphate group is difficult to conclude. Furthermore, since bond energies are only one contribution to the Gibbs free energy and since the solvent contribution is unknown it is impossible to judge whether these local effects will stabilize the aspartyl phosphate or not in terms of free energy.
In conclusion, our observation of less external bonding to the phosphate moiety of aspartyl phosphate does not contradict the observation that the phosphate group on E2-P is stabilised compared to acetyl phosphate if the total system of solvent and protein is considered.
Geometry of the E2-P phosphate group -The changes in bond lengths induced by the phosphate group environment will change the geometry of the phosphate group. From results on YMX3 compounds with C3v symmetry including phosphates (61) it can be inferred that an increased bridging P-O bond length makes phosphorus and terminal oxygens come closer to lie in one plane. According to the correlation for phosphates (61) , the angle between bridging P-O bond and terminal P-O bonds decreases from a value of 106° for acetyl phosphate in water to 102° for the E2-P phosphate group. This holds for C3v symmetry and might serve as an A decrease in angle between bridging and terminal P-O bonds will increase the angle between two terminal P-O bonds. This can be rationalised by increased electrostatic repulsion due to the higher electron density in bonds with higher bond strength, in analogy to findings for PO2 -groups on the basis of semi-empirical calculations (62) . These differences in phosphate geometry between E2-P and acetyl phosphate will make the E2-P phosphate group more accessible for nucleophilic attack. for acetyl phosphate and aspartyl phosphate, the loss of negative formal charge on the terminal oxygens of E2-P must be compensated by an equal increase in negative charge or a decrease in positive charge in the aspartyl moiety. This represents a shift of negative charge away from the PO3 group towards the aspartyl moiety of E2-P rendering the charge distribution on the aspartyl moiety closer to the product state. of acetyl phosphate make the ground state of E2-P resemble somewhat the transition state of a dissociative mechanism: stronger terminal P-O bonds, a weaker bridging P-O bond, less partial charge on the terminal oxygens, and a shift of charge from the phosphate moiety to the aspartyl moiety. The lengthening of the bridging P-O bond by 0.1 Å represents about 5% of the distance change required for the fully dissociative mechanism (distance larger than 3.3 Å (1)).
Charge distribution on the E2-P aspartyl phosphate moiety -

Mechanism of phosphate hydrolysis
In terms of energy, this corresponds to about 20% of the energy required to break the bond. (40) as discussed in the following.
Is the E2-
We will now consider two scenarios for the reduction of external bonding to the terminal phosphate oxygens of E2-P with respect to acetyl phosphate in water: i) a uniform weakening of all external bonds discussed at the example of hydrogen bonds and ii) a weakening of one of the external bonds which accounts for the total difference in external bonding of 0.2 vu between E2-P and acetyl phosphate. In the first case, the reduction of bond valence corresponds to an increase in average hydrogen bond length. This increase is about 0.06 Å calculated by using the bond valence versus bond length correlation for hydrogen bonds with distances larger than 1.7 Å (40). Therefore, a slight widening of the phosphate binding cavity is sufficient to weaken the bridging P-O bond by 20%. In the second case, a loss of one hydrogen bond or a considerable weakening of a bond between a terminal oxygen and Mg
2+
, could account for the weaker external bonds in E2-P. Mg Interactions of the aspartyl oxygens -Above we have discussed a shift of -0.2 formal charges from the PO3 group to the aspartyl moiety. Since formal charge is equivalent to external bond valence, the aspartyl moiety of E2-P experiences interactions with the environment which are different from those of the acetyl moiety of acetyl phosphate. The obvious target for the main change in interactions seem to be the two oxygen atoms of the aspartyl moiety which are expected to experience about 0.2 vu stronger external bonds in E2-P.
The external bonds to the carbonyl oxygen of E2-P will therefore be somewhat stronger than those of acetyl phosphate, which account for 0.3 -0.4 vu (atomic valence of 2 minus bond valence of C=O, see above). An external bond to the bridging oxygen is suggested by the following argument: given that the bond of the bridging oxygen to the phosphorus atom has a bond valence of 0.77 vu, the C-O bond is expected to have a bond valence of 1.23 vu (= 2 vu -0.77 vu) in the absence of external bonding. This is at variance with the principle of maximum symmetry which states that bonds tend to be as symmetric as possible under the given constraints (40) . In order to reduce the asymmetry between the two bonds, the bridging oxygen will have a tendency to form external bonds, which lowers the bond valence of the C-O bond. In line with that, protein interactions with the bridging oxygen have been found for several phosphate compounds (63) (64) (65) (66) (67) .
The additional interaction to the aspartyl moiety accounts for about 0.2 valence units, corresponding to one additional hydrogen bond. It seems difficult to conceive that the aspartyl phosphate of E2-P should experience one hydrogen bond more than acetyl phosphate in water.
Therefore it is more likely that the average external bonds to the aspartyl moiety are stronger, (71) .
Model for the environment of the E2-P aspartylphosphate -In the following we propose a model for the interactions of the aspartylphosphate of E2-P which is shown in Fig. 4 .
According to our model Mg The transition between Ca2E1-P and E2-P -We consider the above discussion of the differences between acetyl phosphate and E2-P to be a reasonable template for the changes that bring about the different chemical properties of Ca2E1-P and E2-P. The Ca2E1-P aspartyl phosphate seems to be in a similar environment as acetyl phosphate in water, since their carbonyl bands and their highest energy phosphate bands are found at similar wavenumbers (31) . Therefore we propose that the relative strength of non-covalent bonding to the phosphate and aspartyl oxygens is one of the key factors that tunes the hydrolysis rate of the ATPase phosphoenzymes and related phosphoproteins. Weaker bonding to the phosphate oxygens and stronger bonding to the aspartyl oxygens weakens and elongates the bridging P-O bond, which increases dramatically the catalytic power of the enzyme. This provides an elegant "handle" for the enzyme to control hydrolysis. were calculated by subtracting the spectrum before exchange from the spectrum after exchange (see Fig. 1 ).
a, spectrum reflecting the absorbance changes during the reaction E2-P with the E2-P phosphate group are inferred from the interpretation of our spectra and protein interactions observed for aspartylphosphates (see text).
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